Abstract. The blood-brain barrier (BBB) is a major impediment to the therapeutic delivery of peptides and proteins to the brain. Intranasal delivery often provides a non-invasive means to bypass the BBB. Advantages of using intranasal delivery include minimizing exposure to peripheral organs and tissues, thus reducing systemic side effects. It also allows substances that typically have rapid degradation in the blood time to exert their effect. Intranasal delivery provides the ability to target proteins and peptides to specific regions of the brain when administered with substrates like cyclodextrins. In this review, we examined the use of intranasal delivery of various proteins and peptides that have implications in the treatment of neurodegenerative diseases, focusing especially on albumin, exendin/GLP-1, GALP, insulin, leptin, and PACAP. We have described their rationale for use, distribution in the brain after intranasal injection, how intranasal administration differed from other modes of delivery, and their use in clinical trials, if applicable. Intranasal delivery of drugs, peptides, and other proteins could be very useful in the future for the prevention or treatment of brain related diseases.
INTRODUCTION
Research on intranasal delivery of drugs, peptides, and proteins has grown over the past decade as an alternate way to deliver these compounds to the brain. The blood-brain barrier (BBB) limits the ability of most biologicals to enter the central nervous system (CNS). Therefore, researchers have explored alternate routes to the brain, specifically intranasal delivery, as there are many benefits to intranasal administration compared to intravenous or oral paths. First, intranasal delivery of molecules provides a direct access to the CNS (1), without having to negotiate the BBB. Second, exposure of peripheral organs and tissues to the substrate is usually greatly reduced as most substances have a limited entry into the circulation, and therefore, systemic side effects are greatly reduced. Third, because substances do not have to reach the CNS through the circulation, those substances that have a rapid degradation in blood are not at a major disadvantage as they are when given by intravenous administration (2) . Fourth, there are indications that the intranasal route may allow biologicals to be targeted to specific regions of the brain (3) (4) (5) . In addition, from a clinical therapeutic standpoint, it is well recognized that intranasal administration of drugs is non-invasive.
Despite these advantages, there are a few disadvantages that must be overcome. Intranasal delivery can cause a reaction in the nasal cavity, leading to irritation of the cells and nerves present within the cavity (6) . In addition, there is limited absorption across the nasal epithelium (1), due to degradation by the nasal mucosa (7), the small surface area for absorption (6) , and distance of transport or diffusion required to reach the target brain region. Targeting drugs to the cribriform plate rather than the turbinates would allow for decreased absorption by the circulation. Although there is criticism about the bioavailability of tested peptides and proteins within the CNS, there are current investigations working to improve uptake by the brain with intranasal administration, including PEGylation (8) , cell penetrating peptides (9) , and focused ultrasound (10) . Furthermore, solid lipid nanoparticles have become an increasingly interesting way to prevent degradation and enhance absorption of the proteins and peptides on the mucosal surface (11) . However, proteins and peptides directed specifically to the brain using this system need to be investigated more to verify transport into the brain rather than feeding into the lymphatic system and getting into the circulation.
Peptides and proteins can enter the brain after intranasal administration directly or indirectly after coming in contact with the cribriform plate (Fig. 1) . The anatomy of the nasal cavity and transport systems in place has been nicely reviewed elsewhere and should be consulted for a more detailed description of this pathway (1, 12, 13) . Indirect transport of molecules into the brain can also occur by first entering the vasculature or lymphatic system. However, once in the circulation, molecules must cross the BBB in order to reach the brain. More commonly though, there are two main direct pathways of entry to the brain after intranasal administration, the olfactory or the trigeminal pathway, as these pathways connect the nasal mucosa and the brain (1, 12) . Some substrates can leak between the nasal epithelium through the intercellular spaces (Fig. 2a) . There are also transcellular processes in which substrates are transported across the nasal epithelium by channels and pores or transcytosis (Fig. 2b, I /II). Membrane diffusion of lipidsoluble and smaller molecules can be achieved in an energyindependent manner depending on the physiochemical properties (Fig. 2b, III) . Extraneuronal, intraneuronal, and transneuronal pathways can then be used to reach deep regions of the brain as summarized previously (5) .
Intraneuronal transport occurs through axonal transport and usually takes more time (14) . Because peptides are exposed to degradation through intraneuronal transport, it is most likely that intranasal peptides pass through intercellular clefts in the olfactory epithelium to eventually diffuse into the brain (15) . This is also in agreement with the rapid delivery time of most peptides to various brain regions. Extraneuronal transport can occur via simple diffusion either through the interstitial fluid of the brain parenchyma or the cerebrospinal fluid (CSF).
Others have reviewed the intranasal delivery of a wide range of commercially available pharmaceuticals (13, 16) . They highlight some of the kinetics involved in determining the transport rate of the various drugs after intranasal delivery. Here, we will discuss intranasal administration of several peptides and proteins known to aid in regulating feeding and energy expenditure and will describe the rationale for these substrates for improving memory and cognition (Table I) . We compare intranasal administration to other routes including intracerebroventricular (ICV) and intravenous. We also review the current clinical field on the use of intranasal delivery of the specific peptides to the brain in the treatment of memory-related diseases.
TARGETING PROTEINS AND PEPTIDES TO SPECIFIC REGIONS OF THE BRAIN TO ENHANCE THERAPEUTIC PROPERTIES
Intranasal delivery of proteins and peptides to the CNS provides a means to bypass the BBB in the treatment of neurodegenerative diseases like Alzheimer's disease (AD). However, simply enabling them to enter the brain is not enough to ensure that it will have a beneficial effect on CNS functions such as cognition. In order to maximize the optimal response of the administered compound, it would be beneficial to target it to areas of the brain where it could exert the most significant effect on cognition, such as the hippocampus, and away from areas where it might exert unwanted actions.
One of the most successful approaches to target peptides to various regions has been the use of cyclodextrins. Cyclodextrins have long been used in nasal drug delivery as adsorption enhancing compounds to increase the intranasal bioavailability of protein and peptide drugs (32) . There are several forms of cyclodextrins, including α (six glucose residues), β (seven glucose residues), and γ (eight glucose residues). In an experiment done examining the effect of three different cyclodextrins [α-cyclodextrin, β-cyclodextrin, and (2-hydropropyl)-β-cyclodextrin (hydro-β-CD)] on uptake of pituitary adenylate cyclase activating polypeptide (PACAP) after intranasal administration, the authors demonstrated a unique pattern of distribution for each of the cyclodextrins used (4). The α-cyclodextrin increased uptake by the olfactory bulb and decreased uptake by the occipital cortex, striatum, and whole brain. β-Cyclodextrin increased uptake by all brain regions except the striatum and olfactory bulb. Hydro-β-CD increased uptake by the thalamus and decreased uptake by the striatum. β-Cyclodextrin showed an increase in PACAP serum levels, while α-cyclodextrin and hydro-β-CD showed no change in serum levels. This indicates that β-cyclodextrin is capable of preventing PACAP from binding to uptake and clearance sites in peripheral tissue. These results demonstrated that various cyclodextrins could be used to target different proteins and peptides towards or away from certain regions of the brain. As a result, lower doses of the peptide can be used, and the effects would be localized to the regions where they would be most effective at altering CNS function (4) .
Recent studies have also demonstrated the potential for albumin to aid in the targeting of peptides to various regions of the brain. In a study completed with leptin, a protein known to effect both feeding and cognition, albumin was able The direct pathway can occur through the olfactory bulbs or trigeminal nerve. The indirect pathway transports the substrates into the lymphatic system, which then drains into the circulation. The proteins and peptides can then enter the brain if able to navigate the BBB. Once in the brain, the substances are transported to various regions by extranueronal, intraneuronal, or transneuronal transport to alter leptin targeting after intranasal administration in a number of different ways to enhance its effects (3). First, albumin decreased serum levels of leptin by affecting its clearance from the brain. Second, it increased its uptake into the hypothalamus, a region of the brain that would enhance the effect of leptin on feeding and cognition. Third, it decreased uptake of leptin in regions of the brain like the cerebellum where it was not the directed target.
Together, these findings highlight the benefits of utilizing substrates such as albumin and cyclodextrins to aid in targeting peptides and proteins to the specific brain region of interest. This will be important in the treatments of diseases, which affect regions all throughout the brain.
PROTEINS AND PEPTIDES Albumin
Albumin, the most abundant protein in the blood, is emerging as a versatile transport molecule for targeted drug delivery (33) . Four main technologies that use albumin as a drug carrier have been developed: physical or covalent binding of the drug to albumin through a ligand or proteinbinding group, development of bispecific antibodies where drugs are fused with albumin replacing the Fc fragment of immunoglobulin G, and encapsulation of drugs into albumin nanoparticles (34).
These albumin-based technologies have been used successfully in the treatment of a number of diseases including diabetes and cancer. Levemir® and Victoza® are two drugs currently on the market for treating diabetes that use this albumin technology. Levemir® was developed by replacing the C-terminal amino acid threonine in recombinant human insulin with a lysine moiety and then covalently binding myristic acid to its ε-amino group. Fatty acids such as myristic acid have an extremely high affinity for human serum albumin, which extends the half-life of Levemir® from 4 to 6 min for native human insulin to 5-7 h (18). Abraxane®, used in the treatment of solid tumors, is an albumin-paclitaxel nanoparticle. Abraxane®, while stable as a nanoparticle, dissolves rapidly after intravenous injection resulting in soluble albumin-bound paclitaxel complexes that are comparable in size to endogenous albumin. It is able to penetrate into tumors because of an albumin transport pathway mediated by the 60-kDa glycoprotein gp60 (albondin) located on the endothelial cell surface of tumors (35) .
Albumin transport pathways, such as those mediated by gp60, are found on the surface of endothelial cells in peripheral capillaries. However, brain endothelial cells have relatively low expression, and the BBB prevents albumin from crossing in vitro and in vivo. In order to bypass the BBB, recent studies show evidence for the uptake of albumin across the nasal epithelium (3, 17) . Uptake occurred through a saturable transport system rapidly to all regions of the brain, with the highest levels detected in the striatum and the olfactory bulb. Fig. 2 . Transport across the nasal epithelium. Transport across the nasal epithelium can occur by a paracellular transport in which proteins and peptides leak through the intercellular spaces. Transport through the cells can also occur in a b transceullar manner by specific I channels and pores for the substrates, II transcytosis, and by III transcellular diffusion depending on the physiochemical characteristics of the substrate Albumin-based technologies have been used for the successful clinical administration of a number of drugs such as Levemir® and Victoza®, and albumin treatment has been tested clinically for acute ischemic stroke, although no clinical benefits have been found (36) . However, with intranasal delivery, albumin seems to have a specific and selective pathway that differs from that of other peptides and proteins. Furthermore, albumin, when co-administered with various proteins and peptides, alters their pattern of delivery, which has the potential to enhance their function. Currently, there are no clinical trials examining intranasal delivery of albumin in the treatment of neurodegenerative diseases.
Exendin
Exendin is a glucagon-like peptide 1 (GLP-1) homolog and acts as an agonist for GLP-1 receptors. The GLP-1 receptor in the CNS mediates important effects on neuroprotection and cognition. Intranasal exendin improves neuronal survival (19) . GLP-1 itself is a poor candidate for blood-tobrain delivery because it is rapidly degraded, whereas exendin is stable and crosses the BBB. Therefore, experiments have investigated the transport and action of exendin, as well as GLP-1, when delivered by the intranasal route.
GLP-1 receptors are present in hippocampus and coupled to signal transduction pathways involved in learning and memory, including the PI3K and adenylyl cyclase pathways (37) . Activation of these receptors by GLP-1 agonists could aid in improving or maintaining learning and memory. Indeed, exendin-4 has profound effects on synaptic plasticity (38) , decreases levels of β-amyloid (39), and protects synapses from β-amyloid toxicity (40) .
Intranasal administration of exendin was four times more effective in delivery to the olfactory bulb, compared to intravenous administration (2). The delivery was quick, with a rapid uptake of exendin (9-39) 1 min after intranasal administration and was enhanced 60% by the use of cyclodextrins. However, the rest of the brain had similar uptake levels with either intranasal or intravenous treatment. The authors found that intranasal exendin was evenly distributed throughout the brain by the extraneuronal route via the CSF and Brownian diffusion. Ultimately, low levels of exendin actually reached the brain regions besides the olfactory bulbs, and these levels were indifferent between intranasal and intravenous delivery. Another study showed intranasal GLP-1 lowered blood glucose levels due to transport into the circulation, while the highly conserved residues of exendin, [Ser(2)]exendin(1-9), did not (19) .
ICV injection of GLP-1 or [Ser(2)]exendin(1-9) and intranasal [Ser(2)]exendin(1-9) improved learning and memory as measured in the passive avoidance test and the Morris Water Maze (19) . GLP-1 agonists enhanced long-term potentiation in the hippocampus, while the antagonist, exendin(9-39), prevented this improvement (40) .
A recent report published in Diabetes Care found intranasal delivery of GLP-1 before every meal for 2 weeks recovered early phase insulin secretion and lowered glycoalbumin levels, suggesting improvements in the patients' diabetic symptoms (41) . However, no cognitive tests were performed to determine if intranasal GLP-1 improved memory. On the other hand, there is a double-blind study currently being conducted with subcutaneous exendin-4 in the treatment for early stage AD or mild cognitive impairment (MCI) (Clinical Trial NCT01255163).
Galanin-like peptide
Galanin-like peptide (GALP) is a 60-amino-acid neuropeptide primarily produced in the hypothalamic arcuate nucleus, while galanin has a wide distribution throughout the brain (42) . Galanin and GALP are derived from two separate genes but share a 13-amino-acid sequence. GALP has complex actions on feeding behavior that vary across species (20, 21, 43) . In addition, GALP induces thermogenesis, altering energy balance (44) .
A review of the literature failed to find any reports on the effect of GALP on cognition. However, the effects of galanin on memory and cognition have been reviewed in other manuscripts (45) (46) (47) . Early on, it was thought that centrally administered galanin improved memory and cognition in rodents (48) . More recently, it has been shown that these effects are dependent on dosing and location, as galanin has also been shown to result in performance deficits in memory and learning (49) . Galanin has inhibitory actions on acetylcholine release in the ventral hippocampus, as well as inhibiting the release of several neurotransmitters worsening spatial and aversive memory and learning (50, 51) .
Intranasal administration of GALP was 20-fold stronger in targeting the brain versus the periphery compared to intravenous and lead to large increases in the olfactory bulb within 10 min (5). Other brain regions at this time point contained similar increased levels of GALP, but not as great as the olfactory bulb. Intranasal administration of GALP with α-cyclodextrins increased uptake in all brain regions by 2-3-fold compared to GALP alone.
A small pilot study performed by Dr. Shioda's group showed that 1 week of intranasal GALP decreased body weight in humans (20) . However, since then, there appears that larger studies have not been published linking intranasal GALP and changes in body weight, food intake, or cognition. Recently, Bertram and Tanzi (52) linked a single nucleotide polymorphism in the GALP gene that increases risk for developing AD by 10%.
Insulin
Insulin has many important functions in the CNS. This includes modulating glucose utilization in the hippocampus and other brain regions, facilitating memory, and contributing to synaptogenesis and synaptic remodeling (53) . Changes in brain insulin metabolism are thought to be the underlying cause of AD, a neurodegenerative disorder characterized by synaptic loss and memory impairment. Studies have shown that patients with AD have reduced insulin receptor sensitivity, hypophosphorylation of the insulin receptor, and downstream second messengers such as insulin receptor substrate-1 (IRS-1), and attenuated insulin and insulin-like growth factor expression (54) . It has been hypothesized that increasing brain insulin concentrations in patients with AD would prevent or slow the development of this disease because enhancing brain insulin signaling improves memory processes in cognitively healthy humans and possesses neuroprotective properties (22) .
Insulin crosses the BBB through a saturable transport system, that is influenced by a number of different factors including, but not limited to, the strain of mouse (55) and the brain region (56, 57) . About 0.05% of an intravenous-injected dose of insulin is taken up per gram of whole brain by the mouse (56, 58) . This is slightly higher than that observed after intranasal administration, which peaks at 0.04% at 30 min (unpublished data). Despite the fact that insulin is capable of crossing the BBB, peripheral delivery is not a viable therapeutic option as increasing the levels of insulin in the blood can induce hypoglycemia.
In healthy individuals, intranasal insulin administration improved performance on a declarative memory task based on a word list that had to be recalled both immediately and 1 week later (22) . This type of memory is a hippocampaldependent function, and studies have shown that even a single dose of insulin can enhance these hippocampaldependent memory processes, in both spatial and working memory tasks.
Intranasal insulin administration has been shown to be an effective therapeutic treatment option for improving cognition in patients with AD. A pilot clinical study was completed on patients with AD or amnestic MCI (24) . These patients received either placebo, 20 IU of insulin, or 40 IU of insulin administered intranasally over the course of 4 months. In this study, they examined various outcome measures of memory, dementia, and daily living. Results from this study demonstrated an improvement in delayed memory and cognitive function and, importantly, also preserved the functional ability of the patients as estimated by caregiver rating, suggesting that the improvements were clinically relevant. A small group of patients in this study underwent a positron emission tomography (PET) study before and after they received the intranasal treatment. Based on the PET findings, the authors showed an increase in 1 8 F fluorodeoxyglucose in the parietotemporal, frontal, precuneus, and cuneus regions of the CNS following intranasal insulin administration. This demonstrated that the enhancement in cognitive functioning observed in AD patients was linked to processes in those brain areas. Studies have shown that a single dose of intranasal insulin acutely improved memory in memory-impaired older adults with AD or MCI and also improved memory and cognitive function with multiple treatments of patients with AD and MCI (23) . Insulin was effective in improving performance on a verbal memory test in a group of AD and MCI patients; however, within these groups, patients who were APOEε4 positive or female showed poorer recall following insulin administration compared to patients who did not possess this allele or were male (25) .
Leptin
Leptin is a 146-amino-acid protein that is secreted by adipose tissue. It is an important peripheral satiety signal in which circulating levels correlate with body fat. Centrally, it is an anorexigenic factor, signaling in the hypothalamus to regulate feeding and energy expenditure. Leptin typically crosses the BBB in a saturable manner (59) .
Leptin-receptor-deficient animals have impaired spatial memory (60) . Indeed, leptin has been shown to improve learning and memory by activating NMDA receptors in the hippocampus (61, 62) , in addition to increasing hippocampal synaptic density (63) . In addition, leptin causes hydrolysis of triglycerides (64) , potentially leading to improved memory due to decreased levels of triglycerides, a factor implicated in impaired cognition (65) . Further, it has been suggested leptin decreases levels of β-amyloid in mice that overexpress this protein by inhibiting β-secretase activity (66) .
Intranasal delivery of a synthetic leptin-like peptide is four times more bioavailable to the brain compared to subcutaneous, intraperitoneal, or intramuscular administration (26) . Daily, intranasal leptin at concentrations of 0.1 or 0.2 mg/kg body weight has been shown to decrease weight and food intake over a 28-day period independent of changes in serum leptin levels (27) . Radioactive tracer experiments reveal the hypothalamus and olfactory bulbs contain the greatest amounts of leptin 15-30 min after intranasal leptin administration (3, 28) . The hippocampus also had increased levels, but these were not different from the total brain average.
ICV leptin reduces food intake, similar to intranasal, and enhances energy expenditure (67, 68) . Continuous ICV infusion of leptin for 30 days led to an initial decrease in food intake but returned to normal by day 8, despite decreased weight for the entire study (67) , suggesting a change in energy expenditure. The dose of ICV leptin did not change the total amount of weight lost. However, larger doses led to more rapid weight loss. Hippocampal injections of leptin improved memory in an AD mouse model, the SAMP8 mice (62) . These results were achieved with lower doses of leptin in 12-month-old mice, while younger, 4-month-old mice required higher doses.
To date, there have been no human clinical trials performed investigating the effects of intranasal leptin administration on memory, food intake, or body weight.
Pituitary Adenylate Cyclase Activating Polypeptide
Pituitary adenylate cyclase activating polypeptide (PACAP) is a regulatory peptide that belongs to the secretin/glucagon/vasoactive intestinal peptide superfamily with two amidated forms, PACAP38 (38 amino acid residues) and PACAP27 (27 amino acid residues) (69). PACAP38, the predominant form, is found primarily in the hypothalamus, cerebral cortex, hippocampus, posterior pituitary, testes, and adrenals. Both PACAP27 and PACAP38 have been shown to stimulate adenylate cyclase release in a number of different cell types including pancreatic acinar cells, pituitary cells, neurons, and astrocytes (70, 71) . Both in vivo and in vitro, PACAP38 has been shown to have potent neurotrophic and neuroprotective effects in neurotoxic, neurodegenerative, and ischemic models and has been proposed as a treatment for stroke, CNS injuries, and neurodegenerative diseases.
Use of PACAP as a therapeutic agent is possible because intravenous administered PACAP is transported across the BBB by a saturable transport system and uptake is highest in the hypothalamus and hippocampus (30) . Problems with using PACAP as an intravenous therapeutic agent include is its rapid degradation in the blood and low bioavailability and, also, that a brain-to-blood efflux transporter exists, which limits the amount of PACAP present in the brain. To bypass these problems, intranasal administration of PACAP was used. Uptake of PACAP38 after intranasal administration occurs rapidly with the highest levels seen in the striatum and occipital cortex (4) . The levels observed in the brain after intranasal administration are capable of exerting an effect on CNS function as observed after treatment of SAMP8 mice. In addition, daily intranasal treatment of PACAP for 3 months in another genetic AD mouse model, APP[V717I] transgenic mice, altered APP processing by increasing secretion of the neuroprotective sAPPα and improved cognition (31) .
PACAP has been used in a number of clinical trials for treatment of a variety of disorders including migraines and depression (Clinical Trial NCT00944996) (72) . A clinical study involving intranasally administered PACAP demonstrated a potential role for PACAP as a regulator of vascular smooth muscle, secretion, plasma extravasation, neutrophil recruitment, and cytokine activity (73) . However, to date, no clinical trials have been performed on investigating the effects of intranasal PACAP on memory or cognition.
Future Directions and Conclusion
The use of an intranasal delivery system for peptides and proteins is promising in treating many neurological disorders, specifically memory and cognitive disorders. This method is advantageous in that it allows direct and rapid access to the brain for a variety of substrates, even for some, such as albumin, known to have a limited ability to cross the BBB. For patients, this method is relatively non-invasive and will limit side effects associated with peripheral administration of these substrates.
Getting substances into the brain has proved difficult because of the restrictive nature of the BBB. Other routes of entry, such as intranasal administration, can help bypass this barrier. Modifications of molecules can improve both their delivery across the BBB and their uptake into brain by the nasal route, but the issue of bioavailability of these analogs needs to be addressed. The use of nanotechnology in delivering drugs to the brain is also a promising area and can package the proteins or enhance the permeation of the compounds across nasal mucosa (11) . Detailed experiments describing the exact transport of proteins and peptides from the nasal cavity to the brain should be explored in the animal models. This will help improve transport systems and provide a more efficient access to the brain. In addition, clinical imaging of human nasal delivery will aid in the translation of animal work and is particularly needed as the nasal cavity anatomy varies greatly among species. As we advance in our understanding of the transport routes of these various proteins and peptides, we can begin to better target them to brain regions to enhance their effect.
